Key Points {#FPar1}
==========

The neuronal ceroid lipofuscinoses (NCLs) comprise a group of incurable neurodegenerative storage disorders primarily affecting the brain and the retina of children and young adults, leading to dementia, blindness, epilepsy, and early death.For one specific form of NCL (CLN2 disease), replacement of the dysfunctional lysosomal enzyme through intraventricular infusion of a functional enzyme (cerliponase alfa) has recently been shown to effectively attenuate the progression of the disease in patients.Other potential treatment options for NCLs include small molecule therapy, neuroprotection, stem cell therapy, and gene therapy, in addition to enzyme replacement therapy.As vision loss is among the characteristic clinical symptoms of most NCL variants, treatments are needed that attenuate retinal degeneration in addition to neurodegeneration in the brain.

Introduction {#Sec1}
============

The neuronal ceroid lipofuscinoses (NCLs) are a heterogeneous group of neurodegenerative lysosomal storage disorders affecting children and young adults. They are characterized by the accumulation of lysosomal storage material and progressive neurological deterioration with dementia, epilepsy, retinopathy, motor disturbances, and early death \[[@CR1]\]. While NCLs remain incurable, some NCL forms have recently become amenable to therapies that are reviewed here.

While all NCLs show clinical and neuropathological similarities, each form represents a distinct genetic entity with peculiar pathophysiological characteristics. The present classification of NCLs is based on the mutated gene (numbered from 1 to 14) and the age at clinical manifestation (Table [1](#Tab1){ref-type="table"}) \[[@CR2]\]. With one exception, all known NCLs are transmitted autosomal recessively.Table 1Neuronal ceroid lipofuscinosis diseases with their age at manifestation, genes, and dysfunctional proteinsDesignation of diseaseOMIMGeneProteinCellular localizationCLN1 diseaseInfantileLate infantileJuvenileAdult256730*CLN1* (*PPT1*)Palmitoyl protein thioesterase 1 (PPT1)Soluble lysosomal proteinCLN2 diseaseLate infantileJuvenile204500*CLN2* (*TPP1*)Tripeptidyl peptidase (TPP1)Soluble lysosomal proteinCLN3 diseaseJuvenile204200*CLN3*CLN3Lysosomal membrane proteinCLN4 disease^a^Adult162350*CLN4* (*DNAJC*5)Cysteine string protein α (CSP α)Cytosolic, associated with vesicular membranesCLN5 diseaseLate infantileJuvenileAdult256731*CLN5*CLN5Soluble lysosomal proteinCLN6 diseaseLate infantileAdult601780*CLN6*CLN6ER membrane proteinCLN7 diseaseLate infantileJuvenile610951*CLN7* (*MFSD8*)CLN7Lysosomal membrane proteinCLN8 diseaseLate infantileJuvenile600143*CLN8*CLN8ER membrane proteinCLN10 diseaseCongenitalJuvenileAdult610127*CLN10* (*CTSD*)Cathepsin D (CTSD)Soluble lysosomal proteinCLN11 diseaseAdult614706*CLN11* (*GRN*)ProgranulinSoluble lysosomal proteinCLN12 diseaseJuvenile610513*CLN12* (*ATP13A2*)ATP 13A2Lysosomal membrane proteinCLN13 diseaseAdult615362*CLN13* (*CTSF*)Cathepsin FSoluble lysosomal proteinCLN14 diseaseInfantileLate infantile611725*CLN14* (*KCTD7*)Potassium channel tetramerization domain-containing protein type 7Cytosolic, partially associated with membranes*ER* endoplasmic reticulum^a^Autosomal dominant inheritance

Different Neuronal Ceroid Lipofuscinoses (NCL) Diseases {#Sec2}
-------------------------------------------------------

The different NCL forms and their major pathophysiological and clinical characteristics are summarized below. The diseases are arranged in groups according to the age at which symptoms usually appear. The main alerting symptoms are a newly observed psychomotor abnormality followed by evident dementia in variable combinations with vision loss, epilepsy, and motor deterioration. In rare cases, the clinical presentation is more variable than indicated in this classification; for more details, see the NCL Mutation and Patient Database \[[@CR3]\].

### NCL with Onset in the First Year of Life {#Sec3}

Congenital CLN10 disease \[[@CR4]\] is associated with dysfunction of the lysosomal enzyme cathepsin D. Patients are born with microcephaly and seizures. The more frequent infantile CLN1 disease \[[@CR5]\] is caused by mutations in *CLN1* and is associated with dysfunction of the lysosomal enzyme palmitoyl protein thioesterase 1 (PPT1). Onset is in the second half of the first year of life, typically characterized by a decreased muscle tone and decreased social interactions, followed by a dramatic loss of psychomotor functions, myoclonus, seizures, and visual failure. Ultimately, patients develop spasticity and a vegetative state. In rare cases, mutations in *CLN14* also cause NCL with infantile onset \[[@CR6]\].

### NCL with Late Infantile Onset (Age 2--5 Years) {#Sec4}

The most prevalent NCL form in this group is CLN2 disease ("classic late infantile NCL"), which is caused by mutations in the *CLN2* gene, resulting in dysfunction of the lysosomal enzyme tripeptidyl peptidase 1 (TPP1). Acquisition of speech may be delayed. First symptoms occur between 2 and 4 years of age and include motor decline with clumsiness and ataxia, deterioration of speech and/or epilepsy. Non-epileptic myoclonus may coexist. After the third year of life, loss of motor function, language, vision, and swallowing ability progresses rapidly, leading to death around the middle teenage years \[[@CR7], [@CR8]\].

Clinical variants of classic late infantile NCL can also be caused by rare mutations in the *CLN1*, *CLN5*, *CLN6*, *CLN7*, *CLN8*, and *CLN14* genes and manifest themselves somewhat later and with a slower progression than the classical CLN2 form.

### NCL with Juvenile Onset (Age 5--16 Years) {#Sec5}

Juvenile CLN3 disease ("classic juvenile NCL") is one of the most prevalent NCL forms \[[@CR9]\]. It is caused by mutations in the *CLN3* gene encoding a lysosomal membrane protein of still unknown function. The disease starts between 4 and 7 years of age with insidious onset of visual failure due to a pigmentary retinopathy. After a considerable interval, progressive cognitive decline and abnormal behavior become apparent. Seizures develop at around 10 years of age followed by a movement disorder and speech and swallowing difficulties. Death usually occurs in the third decade. The clinical course of the disease may be variable even in patients carrying identical mutations, suggesting an influence of modifier genes \[[@CR10]\].

Rare forms of NCL manifesting themselves in this age period may also be caused by certain mutations in the *CLN1*, *CLN2*, *CLN5*, *CLN7*, *CLN8*, *CLN10*, or *CLN12* genes. Mutations in these genes can also cause NCL in younger patients (see above).

### NCL with Onset in Young Adults (Age 16--30 Years) {#Sec6}

Particularly rare forms of NCL become symptomatic in young adulthood, mostly around the 30th year of life (Table [1](#Tab1){ref-type="table"}). Initial manifestations are cognitive decline and depression, followed by ataxia, parkinsonism, and epilepsy, with or without vision loss \[[@CR11]\].

Diagnosis of an NCL Disease {#Sec7}
---------------------------

An NCL disorder must be suspected in children and young adults who initially developed normally but then present with an unexplained progressive neurological disorder characterized by dementia, retinopathy, epilepsy, and motor deterioration. Initially, the brain may appear normally developed as assessed by magnetic resonance imaging, but cerebral and cerebellar atrophy will become apparent later in the course of the disease.

The diagnostic approach to a specific NCL form strongly depends on the age at manifestation (Table [1](#Tab1){ref-type="table"}), and the definitive diagnosis is increasingly based on molecular genetic testing. Forms of NCL caused by dysfunctions of lysosomal enzymes (i.e., PPT1 in CLN1, TPP1 in CLN2, and cathepsin D in CLN10 disease) can be diagnosed using enzyme activity assays. In a juvenile-onset disease, a blood smear should be examined for lymphocyte vacuoles, a typical feature of CLN3 disease. In special cases, electron microscopic analyses of blood lymphocytes or tissues may be helpful to confirm a storage disorder.

Present Pharmacological Treatments {#Sec8}
==================================

As the NCLs are inherited metabolic disorders, any pharmacological approach to therapy will have to be closely related to the underlying metabolic defect. Specific pharmacological treatments will therefore only be useful for a specific genetic NCL form or to groups of disorders sharing certain metabolic pathways. At present, there is only one clinically approved drug that has been shown to be effective for the treatment of one specific NCL form, CLN2 disease.

Cerliponase Alfa {#Sec9}
----------------

Cerliponase alfa (Brineura™, BioMarin Pharmaceutical Inc., Novato, CA, USA) is a recombinant human proenzyme of TPP1, the enzyme affected in CLN2 disease. It was developed by BioMarin Pharmaceutical Inc. and has been globally approved in 2017 for use in patients with CLN2 disease \[[@CR12]\]. The drug is administered every other week by intracerebroventricular infusions via a reservoir surgically implanted under the scalp. After infusion, cerliponase alfa enters neuronal cells through mannose 6-phosphate receptor-mediated endocytosis and is subsequently targeted to lysosomes. Here, the proenzyme is activated by removal of a prosegment to become the proteolytic form of TPP1, which cleaves tripeptides from proteins. This proteolytic activity reduces the accumulation of the lysosomal storage material that is closely associated with the neurodegenerative disease.

In phase I/II clinical trials, \[[@CR13]\] intracerebroventricular administration of cerliponase alfa has been demonstrated to significantly attenuate progression of motor and language decline in children with CLN2 disease (NCT01907087). Out of 24 patients admitted to the study (aged 3--8 years, median 4 years), 23 completed the study. After a dose-escalation period, they received the drug at a dose of 300 mg every other week for at least 96 weeks (mean 115 ± 15 weeks). The rate of decline in a CLN2 clinical rating scale score for motor and language functions \[[@CR14]\] was used as the primary outcome measure for efficacy. The unadjusted mean rate of decline in this motor-language score per 48-week period was 0.27 ± 0.35 points in the 23 treated patients as compared with 2.12 ± 0.98 in untreated historical controls \[[@CR8]\]. A phase II study enrolling also young, presymptomatic patients (NCT02678689), a long-term extension of the phase I/II study (NCT02485899; NCT02485899), and an expanded access program (NCT02963350) are ongoing.

Adverse effects related to the treatment were generally mild (pyrexia, vomiting, hypersensitivity reactions, rare device-related infections). Convulsions were frequently observed but may have been the result of the underlying brain disease rather than the treatment. All adverse effects where clinically manageable within a few days and did not lead to a discontinuation of treatment.

Therapeutic Strategies: Preclinical Studies and Clinical Trials {#Sec10}
===============================================================

Pharmacological Treatments {#Sec11}
--------------------------

### Enzyme Replacement Therapy {#Sec12}

Enzyme replacement therapies using intrathecal administration of recombinant TPP1 have resulted in remarkable therapeutic effects in mouse and canine models of CLN2 disease \[[@CR15]--[@CR17]\]. Administration of a recombinant human TPP1 proenzyme into the lateral ventricles of 2-month-old *Cln2* knockout (ko) mice led to a widespread distribution of the enzyme and increased TPP1 activities throughout the brain. Elevated enzyme activity resulted in reduced autofluorescence and attenuation of tremor amplitudes and neuropathological alterations when compared with vehicle-treated mice \[[@CR17]\]. Furthermore, intrathecal application of human TPP1 into 2.5-month-old Dachshunds carrying a null mutation in the *TPP1* gene led to a prolonged life span, delayed onset, and progression of neurological symptoms, and reduced brain atrophy in a dose-dependent manner \[[@CR16]\]. In a mouse model of CLN1 disease, intrathecal administration of recombinant PPT1 proenzyme to the lumbar spinal cord decreased accumulation of storage material, delayed motor deterioration, and extended the life span in a dose-dependent manner \[[@CR18]\]. Intravenous injections of recombinant PPT1 into newborn *Ppt1* ko mice also resulted in an increased life span, and in attenuation of neurodegeneration in the thalamus and a reduction in storage material in visceral tissues of treated mice \[[@CR19], [@CR20]\]. Together, results suggest that enzyme replacement therapy represents a promising option for the treatment of patients with CLN1 disease.

### Immunomodulatory Agents {#Sec13}

Neuroinflammation is a hallmark of many NCLs. The efficacy of the antibiotic minocycline to suppress neuroinflammation and neurodegeneration has been analyzed in a naturally occurring CLN6 sheep model \[[@CR21]\]. Oral administration of minocycline to pre-symptomatic lambs did not alter neuroinflammation and neurodegeneration. Autoantibodies against several brain antigens including glutamic acid decarboxylase have been detected in sera of *Cln3*^*∆ex\ 1−6*^ mice, an animal model of CLN3 disease, and in patients with CLN3 disease \[[@CR22]\]. In *Cln3*^*∆ex\ 1−6*^ mice, immune suppression with the immunosuppressive agent mycophenolate mofetil resulted in reduced levels of serum autoantibodies, attenuation of neuroinflammation, and improvement of motor functions \[[@CR23]\]. However, short-term administration of mycophenolate mofetil to patients with CLN3 disease did not show a clinical benefit \[[@CR24]\]. A potential therapeutic benefit of the immunomodulatory compounds fingolimod and teriflunomide was demonstrated in mouse models of CLN1 and CLN3 disease \[[@CR25]\]. Oral administration of fingolimod and teriflunomide reduced microgliosis, neuron loss, and brain atrophy in *Ppt1* ko and *Cln3* ko mice. Similarly, intraperitoneal injections of the anti-inflammatory small molecule MW151 into *Ppt1* ko mice led to a decrease in the incidence of seizures \[[@CR26]\]. Interestingly, co-administration of MW151 and an adeno-associated virus (AAV) vector encoding human *PPT1* improved the therapeutic outcome. The combinatorial treatment resulted in a more pronounced attenuation of neuroinflammation and brain atrophy, and an extended life span when compared with the treatment with the AAV-PPT1 vector alone \[[@CR26]\].

### Gemfibrozil, Fenofibrate, All-*trans*-Retinoic Acid, Bezafibrate {#Sec14}

A promising target for therapeutic interventions is the transcription factor EB (TFEB) \[[@CR27]\]. Activation of TFEB by increasing its expression and/or nuclear translocation aims to upregulate lysosomal biogenesis and function. Gemfibrozil and fenofibrate, US Food and Drug Administration-approved lipid-lowering drugs, and all-*trans*-retinoic acid were tested for their potential efficacy to treat CLN2 disease. Gemfibrozil and fenofibrate increased *TPP1* messenger RNA and protein levels in normal healthy human and mouse neuronal cells in vitro and in wild-type mouse brains in vivo, but not in neural progenitor cells derived from patients with CLN2 disease \[[@CR19], [@CR28]\]. Similar results were obtained with bezafibrate in lymphoblasts from patients with CLN3 disease \[[@CR29]\]. However, gemfibrozil in combination with all-*trans*-retinoic acid increased TFEB expression in cultured fibroblasts from patients with CLN2 disease \[[@CR30]\]. Interestingly, application of gemfibrozil to *Cln2* ko mice led to a reduction in storage material in the brain, improved locomotor activities, and a prolonged lifespan \[[@CR30]\]. Of note, the combination of gemfibrozil and all-*trans*-retinoic acid (PLX-100, Polaryx Therapeutics, Paramus, NJ, USA) has recently received an orphan drug designation by the Food and Drug Administration for the treatment of NCLs.

### Trehalose, MK2206 {#Sec15}

The disaccharide trehalose and the drug MK2206 inhibit the serine/threonine kinase Akt independently of the mechanistic target of rapamycin complex 1, resulting in increased nuclear translocation of TFEB \[[@CR31]\]. Oral trehalose treatment of *Cln3*^*∆ex7/8*^ mice led to clearance of lysosomal storage, reduced neuroinflammation and neurodegeneration, and a prolonged life span \[[@CR31]\]. Along the same line, intraperitoneal application of the Akt inhibitor MK2206 to *Cln3*^*∆ex7/8*^ mice resulted in nuclear translocation of TFEB and upregulation of lysosomal and autophagy genes in the brain \[[@CR31]\]. Furthermore, MK2206 reduced storage material in fibroblasts from patients with CLN1, CLN2, CLN3, and CLN7 disease, suggesting a potential therapeutic effect of Akt inhibition in multiple NCLs.

### Cysteamine, *N*-Acetylcysteine, *N*-(tert-Butyl) Hydroxylamine {#Sec16}

In CLN1 disease, PPT1 dysfunction leads to neuronal death and intracellular accumulation of granular osmiophilic deposits \[[@CR32]\]. Loss of PPT1 impairs the cleavage of the thioester linkage in palmitoylated proteins, and as a consequence their subsequent degradation by lysosomal hydrolases. The thioester linkage is susceptible to nucleophilic attack by substances such as phosphocysteamine and *N*-acetylcysteine. Phosphocysteamine has been shown to decrease granular osmiophilic deposit formation in cultured lymphoblasts and fibroblasts from patients with CLN1 disease \[[@CR33]\]. Furthermore, treatment of *Ppt1* ko mice with phosphocysteamine improved the outcome of a central nervous system (CNS)-directed gene therapy, albeit to only a limited extent \[[@CR34]\]. Similarly, oral administration of cysteamine bitartrate and *N*-acetylcysteine to patients with CLN1 disease had only a limited therapeutic impact \[[@CR35]\].

The small molecule *N*-(tert-Butyl) hydroxylamine (NtBuHA) mimics the function of thioesterases including PPT1. In *Ppt1* ko mice, NtBuHA has been shown to reduce lysosomal storage in the brain, to improve motor functions, and to moderately extend the life span of treated animals \[[@CR36]\]. Furthermore, NtBuHA has been demonstrated to reduce the amount of palmitoylated proteins and storage material in cultured cells from patients with CLN1 disease \[[@CR36]\].

### Phosphodiesterase-4 Inhibitors {#Sec17}

Based on the observation that cyclic adenosine monophosphate levels are significantly reduced in various brain regions of *Cln3*^*∆ex7/8*^ mutant mice, a recent study has evaluated the use of the phosphodiesterase 4 inhibitors rolipram, roflumilast, and PF-06266047 for the treatment of CLN3 disease \[[@CR37]\]. In *Cln3*^Δ*ex7/8*^ mice that had received daily subcutaneous applications of rolipram or oral applications of roflumilast or PF-06266047, levels of the lysosomal-associated membrane protein 1 were reduced, astrogliosis and microgliosis were attenuated, and motor functions were improved, suggesting that the administration of phosphodiesterase 4 inhibitors might represent a novel therapeutic strategy for the treatment of patients with CLN3 disease.

### α-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid/*N*-Methyl-D-Aspartate-Type Glutamate Receptor Antagonists {#Sec18}

Studies on *Cln3*^Δ*ex1−6*^ mice have revealed a dysregulation of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate receptor activity in cerebellar granule cells \[[@CR38]\]. Intraperitoneal injections of the non-competitive α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor antagonist, EGIS-8332, led to a short-term improvement in motor coordination, but had no beneficial impact on neuroinflammation and neurodegeneration in the CLN3 mouse model \[[@CR39]\]. Similarly, inhibition of *N*-methyl-D-aspartate-type glutamate receptors by memantine resulted in only a short-term improvement of motor skills \[[@CR40]\].

Stem Cell Therapy {#Sec19}
-----------------

Stem cell therapy for the treatment of NCLs caused by dysfunctional lysosomal enzymes is based on the rationale that grafted human neural stem cells from a healthy donor will differentiate into neurons and glia in the recipient patient's brain where they express and secrete functional lysosomal enzymes, which can be internalized via mannose 6-phosphate receptors by neighboring mutant neural cells. Transplantation of genetically non-modified human CNS stem cells into the brain of a CLN1 mouse model resulted in the expression of PPT1 in the brain, a reduction in autofluorescent storage material, reduced loss of hippocampal and cortical neurons, and improved locomotor activities when compared with non-treated mice \[[@CR41]\]. Based on these data, a phase I clinical trial (NCT00337636) was performed on two patients with CLN1 disease and four patients with CLN2 disease at advanced stages using purified, allogeneic, fetal, human CNS stem cells. The human CNS stem cells were transplanted into the cerebral hemispheres and lateral ventricles \[[@CR42]\]. While there were no adverse effects associated with the surgery, immunosuppression, and cell transplantation, the treatment did not slow disease progression as judged from a comparison of treated patients with natural history controls.

Gene Therapy {#Sec20}
------------

### Gene Therapy in Preclinical Studies {#Sec21}

Gene therapy approaches have shown promising results in animal models of various NCLs. For instance, newborn *Ppt1* ko mice that were treated with multiple intracranial injections of an AAV2 vector encoding human *PPT1* exhibited PPT1 enzyme activity near the injection sites, reduction in storage material, attenuation of neurodegeneration, and improvement in various behavioral tests when compared with control mutant mice. A decrease in the incidence of seizures or an increase in longevity were, however, not observed in the treated mice \[[@CR43]\]. Multiple intracranial injections of an AAV5-PPT1 vector into young *Ppt1* ko mice also resulted in attenuation of neurodegeneration and improvement of locomotor performance, and additionally extended the life span of treated animals \[[@CR44]\]. Therapeutic effects on motor performance and longevity were significantly more pronounced when the gene therapy approach was combined with bone marrow cell transplantations, while bone marrow cell transplantations alone showed no therapeutic effects \[[@CR44]\]. Furthermore, injections of AAV9-PPT1 into the brain or spinal cord of *Ppt1* ko mice resulted in attenuation of neuropathological alteration in the respective CNS regions, and in improved motor function and a prolonged life span. Interestingly, simultaneous treatments of the brain and the spinal cord resulted in a significantly better therapeutic outcome than treatments of either CNS region alone, indicating the need for targeting the spinal cord in addition to the brain to develop effective therapies for NCLs \[[@CR45]\].

Intraventricular injections of an AAV2-TPP1 vector into a canine model of CLN2 disease resulted in high expression levels of TPP1 in ependymal cells and a widespread distribution of the enzyme in the brain \[[@CR46]\]. Treated dogs showed reduced accumulation of storage material, attenuated astrogliosis, delayed onset and progression of neurological symptoms, and a prolonged life span. The CLN2-related non-neuronal pathology in visceral tissues was not prevented by the AAV2-mediated TPP1 expression in the brain \[[@CR47]\]. Finally, a safety and tolerability study was conducted on African green monkeys using intracerebral injections of AAVrh10-TPP1 \[[@CR48]\]. Experiments revealed long-term expression of TPP1 in the brain with a 1.6-fold higher TPP1 activity than in phosphate buffered saline-injected controls, and no adverse effects related to the treatment except moderate white matter edema and inflammation near the injection sites of the vector.

The impact of a gene therapy approach for the treatment of CLN3 disease was studied in *Cln3*^*∆ex7/*8^ mice that had received intravenous injections of an AAV9-CLN3 vector \[[@CR49]\]. Analysis of treated mice revealed a reduction in lysosomal storage material in the brain, reduced astrogliosis and microgliosis, and improved motor function. In another study, injections of an AAVrh.10-CLN3 vector into the brain parenchyma of newborn *Cln3*^∆*ex7/8*^ mice also resulted in a partial correction of the neurological phenotype as shown by the reduction in storage material and attenuation of astrogliosis \[[@CR50]\].

The therapeutic potential of a gene therapy approach for the treatment of CLN5 disease was analyzed in a naturally occurring sheep model of this condition using lentiviral or AAV9 vectors encoding ovine *CLN5*. When viral vectors were administered to pre-symptomatic animals, brain atrophy and visual decline were significantly delayed, and life span dramatically prolonged. Of note, attenuation of disease progression was also observed when the treatment of animals was started at a symptomatic stage \[[@CR51]\].

The impact of an AAV vector-mediated expression of cathepsin D (CtsD) in either the brain or visceral organs or both on disease progression was studied in a *Ctsd* ko mouse \[[@CR52]\]. Treatment of the CNS led to a widespread distribution of CtsD in neurons remote from the injection site, indicating Ctsd secretion from transduced cells and re-uptake of the enzyme by distant cells. Expression of CtsD in the brain prevented accumulation of ceroid lipopigments and activation of microglia, and significantly extended the life span of mutant mice. Interestingly, treatment of the brain additionally delayed progression of the visceral pathology, indicating that the enzyme is drained from the brain to the periphery. In contrast, expression of CtsD in peripheral organs had no effect on visceral pathology and life span. Finally, a recent study has demonstrated that an AAV-mediated delivery of progranulin (Grn) to the cerebral hemispheres of *Grn* ko mice, an animal model of CLN11 disease, reduced the amount of ceroid lipopigments, attenuated microgliosis, improved lysosomal function, and corrected abnormal CtsD activity \[[@CR53]\].

### Gene Therapy in Clinical Trials {#Sec22}

A gene therapy clinical trial (NCT00151216) using intracranial injections of an AAV2-CLN2 vector for the treatment of CLN2 disease has been completed \[[@CR54]\]. Neurological rating and quantitative magnetic resonance imaging revealed attenuation of neurological impairment and a delay in the decline of magnetic resonance imaging parameters, indicating that the treatment slowed disease progression in patients with CLN2 disease. A phase I/II clinical trial (NCT01161576) using intracranial injections of an AAVrh.10-CLN2 vector started in 2010. The aim of the clinical trial is to evaluate the safety, potential toxicity, and therapeutic efficacy of the treatment. Another clinical trial (NCT01414985) in patients with CLN2 disease using the same protocol and expanded eligibility criteria is ongoing. A phase I/IIa gene therapy clinical trial (NCT02725580) has also been started for the treatment of CLN6 disease. Patients receive intrathecal injections of an AAV9-CLN6 vector, results are pending. Recently, another phase I/IIa gene therapy clinical trial has been started for the treatment of CLN3 disease. Patients receive intrathecal injections of an AAV9-CLN3 vector, enrollment is ongoing (NCT03770572).

Treatment Strategies for Retinal Degeneration and Vision Loss {#Sec23}
=============================================================

Currently, there is no effective treatment for retinal degeneration in NCLs. However, preclinical studies have demonstrated the efficacy of various therapeutic strategies to attenuate the progression of retinal degeneration and vision loss in animal models of various NCL variants.

Gene Augmentation Therapy {#Sec24}
-------------------------

The *nclf* mouse, a naturally occurring animal model of CLN6 disease \[[@CR55]\], is characterized by an early-onset loss of photoreceptor cells. A recent study has evaluated the efficacy of a gene augmentation approach to prevent visual deterioration in this mutant, and unexpectedly found that an AAV vector-mediated expression of CLN6 in photoreceptor cells had no effect on retinal degeneration and visual impairment \[[@CR56]\]. However, deterioration of retina structure and function was significantly delayed when CLN6 was expressed in bipolar cells, suggesting that bipolar cell dysfunction is the cause of photoreceptor loss in the *nclf* mutant. Similar studies aimed at evaluating the efficacy of gene augmentation strategies to treat vision loss in the most prevalent NCL variant, CLN3 disease, are hampered by the lack of animal models displaying a pronounced retinal dystrophy. A recent study has therefore used induced pluripotent stem cells from CLN3 patients to generate retinal neurons. Transduction of these patient-specific neurons with an AAV2-CLN3 vector resulted in restoration of full-length CLN3 protein expression. Furthermore, subretinal injections of the vector into wild-type mice resulted in expression of full-length *CLN3* transcripts, with no obvious adverse effects on treated retinas \[[@CR57]\].

Neuroprotection {#Sec25}
---------------

The *mnd* mutant mouse is a naturally occurring animal model of CLN8 disease \[[@CR58]\]. Intravitreal transplantations of neurally differentiated murine embryonic stem cells into this mutant resulted in extensive integration of donor cells into the dystrophic host retinas, a significant decrease in the number and size of autofluorescent storage bodies, and a significant increase in the number of surviving photoreceptor cells when compared with sham-injected control animals \[[@CR59]\]. The mechanism of how the grafted cells exerted these effects on the *mnd* retina is unknown. To directly analyze whether the administration of a neuroprotective factor can attenuate retinal degeneration in NCL, Jankowiak et al. \[[@CR60]\] generated clonal neural stem cell lines overexpressing the ciliary neurotrophic factor, a cytokine known to effectively promote photoreceptor cell survival \[[@CR61]\]. The ciliary neurotrophic factor expressing neural stem cells was intravitreally grafted into a CLN6 mouse model prior to the onset of photoreceptor loss. Analyses of retinas 6 weeks after the cell transplantation revealed a significantly higher number of photoreceptor cells in ciliary neurotrophic factor-treated eyes than in contralateral eyes with grafted control cells \[[@CR60]\], indicating that neuroprotective approaches represent another strategy to attenuate retinal degeneration in NCL variants caused by defective transmembrane proteins.

Immunomodulatory Therapy {#Sec26}
------------------------

Emerging evidence suggests that innate and adaptive immune responses are critical determinants of disease progression in NCLs. Reactive microgliosis and immigration of lymphocytes into brain tissue are characteristic features of the neurological phenotype of *Ppt1* ko mice \[[@CR62]\]. Analyses of *Ppt1* ko mice additionally deficient in RAG-1, and thus devoid of lymphocytes, combined with reconstitution experiments identified CD8-positive T lymphocytes as critical pathogenic mediators of the neurological phenotype. Of interest in the present context, inactivation of lymphocytes resulted in significant attenuation of retinal ganglion cell loss and visual deterioration as assessed in optokinetic tracking experiments \[[@CR62]\]. Along the same line, the authors subsequently studied the functional relevance of elevated sialoadhesin levels, a sialic acid binding immunoglobulin-like lectin implicated in immunomodulation and inflammation, on activated microglia/macrophages in *Ppt1* ko and *Cln3*^*ex\ 1−6*^ mice. Again, using a genetic approach, the study showed that sialoadhesin deficiency partially prevented retinal ganglion cell loss in both mouse models, and significantly attenuated thinning of inner retinal layers in *Ppt1* ko mice at the advanced stage of the disease \[[@CR63]\]. Based on the combined findings, the authors next evaluated the therapeutic impact of two immunomodulatory compounds, fingolimod and teriflunomide (see also Sect. [3.1.2](#Sec13){ref-type="sec"}), on the progression of retinal degeneration in *Ppt1* and aged *Cln3* ko mice, and again found significant attenuation of retinal thinning and retinal ganglion cell loss \[[@CR25]\]. Immune modulatory compounds have also been tested in the *nclf* mouse \[[@CR64]\]. Dietary supplementation with the natural immunomodulators docosahexaenoic acid or curcumin attenuated reactive microgliosis in the mutant retina and partially preserved retinal function as assessed in optokinetic tracking experiments and electroretinogram recordings. Furthermore, docosahexaenoic acid, but not curcumin, mitigated thinning of the photoreceptor cell layer \[[@CR64]\].

Enzyme Replacement Strategies {#Sec27}
-----------------------------

While enzyme replacement strategies that specifically target the brain have been demonstrated to effectively delay disease progression in various animal models of NCL and recently in patients with CLN2 disease (see above), they will unlikely have a significant impact on the onset and progression of retinal pathology. In fact, an AAV vector-mediated expression of CtsD in the brain of CtsD-deficient mice effectively attenuated neurodegeneration in the brain, but not in the retina \[[@CR52]\]. Similarly, administration of TPP1 to the brain of a canine CLN2 model markedly ameliorated most neurological symptoms \[[@CR16], [@CR46]\] (see also Sect. [3.1.1](#Sec12){ref-type="sec"}), but did not prevent retinal degeneration \[[@CR65], [@CR66]\]. To evaluate the therapeutic impact of a sustained intraocular administration of a lysosomal enzyme on retina pathology, Griffey and colleagues used an AAV2 vector to express human PPT1 in the retina of *Ppt1* ko mice \[[@CR67]\]. Intravitreal injections of the vector resulted in expression of the enzyme mainly in retinal ganglion cells, and in enzyme levels that markedly exceeded those normally found in wild-type eyes. Importantly, the treatment delayed deterioration of retina function as assessed by electroretinogram recordings. Photoreceptor numbers were, however, not significantly different between treated and control *Ppt1* ko retinas \[[@CR67]\]. The efficacy of a cell-based enzyme replacement strategy to attenuate retinal degeneration has recently been analyzed in a canine CLN2 model \[[@CR65]\]. A single intravitreal injection of autologous mesenchymal stem cells modified to overexpress TPP1 resulted in significant preservation of retina structure and function, suggesting that intraocular transplantations of ex-vivo modified cells represent another promising means to deliver therapeutically relevant quantities of a lysosomal enzyme to dystrophic retinas \[[@CR65]\].

Palliative Care {#Sec28}
===============

Palliative therapies are of utmost importance in these chronic diseases and represent a significant challenge owing to the multiplicity of symptoms and affected systems. Moreover, treatment is difficult as most patients have poor vision and may not be able to communicate verbally. Some aspects of palliative therapy, including drug treatment for epilepsy, myoclonus, and spasticity, are specifically related to the specific genetic diagnosis. A multidisciplinary approach is usually indicated \[[@CR1], [@CR68], [@CR69]\]. For juvenile blind patients with CLN3 disease with progressive loss of cognitive and other abilities, who present a great challenge to education, consolidated specific experience has been accumulated \[[@CR70]\].

Conclusions {#Sec29}
===========

Neuronal ceroid lipofuscinoses comprise a genetically heterogeneous group of fatal neurodegenerative lysosomal storage disorders characterized by the accumulation of autofluorescent storage material, cognitive deficits, seizures, brain atrophy, vision loss through retinopathy, and premature death. While NCLs are regarded to be incurable, a variety of treatment strategies have been developed in animal models, some of them with a promising therapeutic outcome. An effective treatment option for NCL types caused by dysfunctions of soluble lysosomal enzymes is the replacement of the defective enzyme by infusion of the recombinant protein, virus-mediated gene transfer, or cell-based approaches. A recent report demonstrating the efficacy of an enzyme replacement therapy to slow disease progression in patients with CLN2 disease is in line with this view. The development of effective therapies for NCLs caused by mutations in transmembrane proteins, in comparison, is more challenging. Potential treatment options include gene augmentation strategies, immunomodulatory therapies, neuroprotection, or small-molecule therapies. Results from preclinical studies suggest that a combination of different treatment strategies might be required to achieve significant therapeutic outcomes. Preclinical studies also suggest that therapeutic strategies have to target the spinal cord, the retina, and eventually peripheral organs in addition to the brain to establish effective therapies for NCLs.
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